Although several kinds of amino acids (AAs) are known to affect physiological actions during exercise, little is known about the combined effects of a mixture of several AAs on fatigue during exercise. The aim of the present study was to investigate the effect of an AA mixture supplement containing arginine, valine, and serine on exercise-induced fatigue in healthy volunteers. These AAs were selected because they were expected to reduce fatigue during exercise by acting the positive effects synergistically. A randomized, double-blinded, placebo-controlled crossover trial was conducted. Thirty-nine males ingested an AA mixture containing 3600 mg of arginine, 2200 mg of valine, and 200 mg of serine or a placebo each day for 14 days. On the 14th day, the participants completed an exercise trial on a cycle ergometer at 50% of VO 2 max for 120 min. After the two-week washout period, the participants repeated the same trial with the other test sample. The participant's feeling of fatigue based on a visual analog scale (VAS) and a rating of perceived exertion (RPE), as well as blood and physical parameters were evaluated. The feeling of fatigue based on VAS and RPE were significantly improved in AA compared to those in placebo. In the blood analysis, the increase in serum total ketone bodies during exercise and plasma tryptophan/branched-chain amino acids were significantly lower in AA than those in placebo. The present study demonstrated that supplementation with an AA mixture containing arginine, valine, and serine reduced the feeling of fatigue during exercise. The AA mixture also changed several blood parameters, which may contribute to the anti-fatigue effect.
Introduction
Fatigue during exercise, which might induce decreased exercise performance or motivation, has been reported to be related to various biological factors, including metabolic factors and hormones. It was demonstrated that prolonged exercise induced a decrease in blood glucose, which caused an increase in the sense of fatigue [1] and that carbohydrate supplementation postponed fatigue during exercise by maintaining blood glucose levels [2, 3] . One of the glucocorticoid hormones, cortisol, which quickly increases during exercise [4, 5] , was reported to significantly correlate with the feeling of fatigue during exercise [6, 7] . It was also reported that ammonia, which is produced by accelerating the catabolism of muscle proteins when energy is depleted during prolonged exercise, led to the feeling of fatigue through neurotoxic effects [8, 9] . Several kinds of amino acids (AAs) are known to affect physiological actions like the changes of blood or physical parameters during exercise. Arginine, known as a substrate of nitric oxide, significantly decreased exercise-induced blood ammonia and lactate elevation [10] . Moreover, several researchers have claimed that arginine supplementation increased exercise performance by regulating vasodilatation and blood flow [11] [12] [13] . In these studies, 1.5-9 g of arginine were supplemented for several days. Branched-chain amino acids (BCAAs) valine, leucine, and isoleucine are also known to have various effects on physiological actions during exercise, and a large number of studies have evaluated the effects of BCAA supplementation. For example, a BCAA mixture supplement (2.5 g) decreased the serum creatine kinase concentration following prolonged exercise, which suggested that BCAAs could reduce muscle damage associated with endurance exercise [14] . De Palo et al., reported that chronic supplementation with a BCAA mixture (9.64 g) suppressed the increase in plasma lactate concentration after exercise [15] . It was also reported that the intake of BCAAs increases their concentration in plasma and prevents the increase in the free tryptophan/BCAA ratio, which could decrease the synthesis of serotonin in the brain and delay central fatigue [16, 17] . Some studies of a single kind of BCAA have shown that leucine accelerates protein synthesis [18, 19] and that valine supplementation before exercise suppresses the elevation of corticosterone levels and the depletion of glucose during exercise in rats [20] . Serine, which is known as a substrate of phosphatidylserine, was reported to reduce the feeling of fatigue, improve exercise performance [21, 22] and reduce the increase in cortisol during exercise [23] . In these reports, 400-750 mg of phosphatidylserine caused significant effects.
However, little is known about the combined effects of supplementation with mixtures of several AAs (except for the BCAA mixture), especially on the feeling of fatigue during exercise. In the present study, we developed an AA mixture containing arginine, valine, and serine, which had the above-described physiological effects related to the feeling of fatigue. At first, valine was selected because BCAAs may be able to delay central fatigue by decreasing the synthesis of serotonin in the brain [16, 17] . Actually, Gomez-Merino et al., reported that pre-exercise administration of valine significantly prevented the exercise-induced serotonin release in the brain of a rat [24] . Leucine and isoleucine were not included because they were able to promote glucose uptake and utilization, which may deplete blood glucose or muscle glycogen and induce fatigue by leucine or isoleucine supplementation before exercise [20, 25, 26] . However, it was also reported that BCAA supplementation elevated ammonia accumulation during exercise [27] . Secondly, arginine was selected because arginine was expected to reduce the increase in plasma ammonia via increased ureagenesis [10] and increase exercise performance by regulating vasodilatation and blood flow [11] [12] [13] . In addition, serine was selected because serine may be able to decrease fatigue via different mechanism from valine or arginine at low doses. The dose of the developed AA mixture was set to be the minimum required amount which could be expected to produce the positive effects and was approximately the same as those in the other studies. The aim of the present study was to investigate the effect of supplementation with an AA mixture containing arginine, valine, and serine on exercise-induced fatigue in healthy volunteers by comparing with a placebo supplementation. We hypothesized that the AA mixture supplementation could reduce fatigue during exercise by producing the positive effects of arginine, valine, and serine synergistically.
Materials and Methods

Subjects
A total of 197 healthy male volunteers aged 30 to 59 years old were recruited from a volunteer database of Soiken Inc. (Osaka, Japan) and gave their written informed consent. Subjects who met the exclusion criteria (subjects with food allergies, subjects with a smoking habit, subjects who had blood samples of more than 200 mL or 400 mL taken within 1 month or 3 months prior to the start of the study, subjects who participated in other clinical studies within the prior month, subjects with any diseases that may affect the evaluation in the study, subjects who took chronic supplemental AAs, or subjects who were judged as ineligible by a doctor for other reasons) were excluded (a total of 110 subjects were excluded). Subjects were included if they could complete the exercise trial of this study (a total of 28 subjects who could not complete the exercise trial were excluded). The recruitment and selection of participants were conducted between March and May 2018. Seven subjects dropped out due to personal reasons before allocation, and a total of 52 subjects were randomly allocated into two groups in a 1:1 ratio using a computer-generated random number sequence by an investigator who had no contact with the subjects or researchers. The sequence allocation concealment and blinding of the subjects and researchers were maintained throughout the study. The sample size of subjects was selected to achieve 80% power at a 5% significance level taking into account that several subjects might have dropped out. In the study, four subjects dropped out due to personal reasons after allocation, and 48 subjects completed the entire protocol. Before the statistical analysis, one participant dropped out due to a subjective symptom of fatigue not related to the supplementation on the exercise trial day, two participants dropped out due to abnormal values in their blood analyses not related to the supplementation, and six dropped out due to violations of study compliance (vigorous exercise on the day before the exercise day or non-compliance of intake time of a provided meal). We, therefore, analyzed a final total of 39 subjects, see Figure 1 . The basic characteristics of the study subjects are shown in Table 1 . The subjects were instructed not to change their usual exercise volume or diet during the study. The subjects recorded their sleep time, alcohol intake, test supplement intake, amount of exercise, and medication every day during the study period. They were also instructed not to take alcohol or vigorous exercise from the day before the exercise trial day until the exercise trial.
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Study Design
The study was a randomized, double-blinded, placebo-controlled crossover trial that was conducted at the Esaka Research Center (Soiken Inc., Osaka, Japan), see Figure 2a . All subjects participated in two trials with a 2-week washout period. The participants ingested one of the test samples (AA granule or placebo granule) for 14 days and carried out an exercise trial on the final day of supplementation. After the 2-week washout period, the participants repeated the same trial with the other test sample. These trials were conducted between June and July 2018. Values are presented as the mean ± standard deviation (SD). There were no significant differences between two groups on basic characteristics. AA: amino acid.
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Experimental Procedure
Subjects were provided packets of AA granule containing 1800 mg of arginine, 1100 mg of valine, and 100 mg of serine (Kyowa Hakko Bio Co., Ltd., Tokyo, Japan) per packet (not containing 
Subjects were provided packets of AA granule containing 1800 mg of arginine, 1100 mg of valine, and 100 mg of serine (Kyowa Hakko Bio Co., Ltd., Tokyo, Japan) per packet (not containing carbohydrate) or packets of placebo granule, in which the AAs were replaced by almost the same amount of sucrose (not containing AAs), in a randomized order and in a double-blinded fashion.
The two test samples were indistinguishable by appearance, and their tastes were also unidentifiable because they contain an acidulant, which masks the sweetness. Subjects ingested two packets per day for 13 days, and it was recommended that they should ingest the packets before exercise if they take exercise. On the 13th day, the participants had the same dinner. On the next day (the 14th day), they had the same breakfast (carbohydrate jelly) with one packet of the test sample, and they ingested an additional packet 30 min before the exercise trial. Then, they carried out an exercise trial on a cycle ergometer (Aerobike 75XLII or 75XLIII, Konami Sports Life Co., Ltd., Tokyo, Japan) at 50% of the individual's maximal oxygen consumption (VO 2 max) for 120 min, see Figure 2b . The intensity and time of exercise were determined to sufficiently increase the subject's feeling of fatigue due to exercise [27, 28] . The exercise trial was conducted in a temperature-and humidity-controlled environment.
Subjective Measurements
Subjects were asked to subjectively rate their feeling of fatigue on a visual analog scale (VAS) from 0 (no fatigue) to 100 (total exhaustion) and on a Borg's 6-to 20-point rating scale of perceived exertion (RPE) before and after the exercise. In addition, participants completed a Profile of Mood States-Short Form (POMS-SF) before and after the exercise, and we calculated the total mood disturbance score to assess their moods.
Blood Sampling
Blood samples (20 mL) were collected from the brachial vein after the visit to the research center, which means before the ingestion of a packet 30 min before the exercise trial, before the exercise, and after the exercise. Whole blood from a NaF-and EDTA-2Na-containing tube and an EDTA-2Na-containing tube were centrifuged immediately at 1700× g for 10 min at 4 • C, and the plasma was separated for analysis of glucose by a UV method using biochemical auto-analyzer Bio Majesty JCA-BM 9130 (JEOL Ltd., Tokyo, Japan) and analyses of AAs (aspartic acid, threonine, serine, asparagine, glutamic acid, glutamine, proline, glycine, alanine, citrulline, valine, cystine, methionine, isoleucine, leucine, tyrosine, phenylalanine, β-alanine, ornithine, tryptophan, lysine, histidine, and arginine) and ammonia by high-performance liquid chromatography using amino acid auto-analyzer model L-8900 (Hitachi High-Tech Science Corporation, Tokyo, Japan). Serum samples were prepared by collecting whole blood in a plain tube and centrifuging the blood at 1700× g for 10 min at 4 • C for analysis of the total ketone bodies by an enzyme cycling method using the biochemical auto-analyzer, Bio Majesty JCA-BM 8060 (JEOL Ltd., Tokyo, Japan). Cortisol was assessed by a chemiluminescence immunoassay using an ADVIA Centaur XP (Siemens Healthineers, Erlangen, Germany), and free fatty acids were analyzed by an enzymatic method using a biochemical auto-analyzer, Bio Majesty JCA-BM 8060. Whole blood was deproteinized in a 1 N perchloric acid-containing tube for 15-60 min on ice and was then centrifuged at 1700× g for 10 min at 4 • C for the lactate analysis by an enzymatic method using a biochemical auto-analyzer, Bio Majesty JCA-BM 9130 (JEOL Ltd., Tokyo, Japan). Assays of plasma glucose, AAs, ammonia, serum total ketone bodies, cortisol, and blood lactate were performed at BML, Inc. (Tokyo, Japan), and the analysis of serum free fatty acids was performed at Skylight Biotech Inc. (Tokyo, Japan).
Physical Measurements
Blood pressure, pulse rate, body temperature, body weight, and body fat percentage were measured after the visit to the research center and the exercise protocol. Blood pressure was evaluated by auscultation using an MMI-101 mercury sphygmomanometer (Muranaka Medical Instruments Co., Ltd., Osaka, Japan). Pulse rate and body temperature were assessed by a pulse oximetry ear sensor (Konami Sports Life Co., Ltd., Kanagawa, Japan) and an ear thermometer MC-510 (Omron Healthcare Co., Ltd., Kyoto, Japan). Body weight and body fat percentage were measured by an MC-780A body composition meter (Tanita Co., Ltd., Tokyo, Japan).
Statistical Analysis
In the study, the subjective measurement of the VAS was a primary outcome and the others were secondary outcomes. All data are expressed as the mean ± standard deviation (SD). Data were analyzed using a two-way repeated measures analysis of variance (ANOVA) with treatment (placebo and AA) and time (subjective measurements: before exercise and after exercise; blood parameters: after visit, before exercise, and after exercise; physical parameters: after visit and after exercise). Significant main effects and interactions were explored with a Bonferroni-corrected post-hoc t-test. The change scores before and after exercise were analyzed using a Student's t-test for the comparisons of pairs of groups. Analyses were performed with SPSS v. 22 (IBM Japan, Ltd., Tokyo, Japan). Differences with p-values < 0.05 were considered significant.
Results
No subjects reported any side effects related to the supplementation, and there was no significant treatment order effect in the study. There were no differences between the AA group and the placebo group on their sleep time, alcohol intake, test supplement intake, amount of exercise, and medication.
Subjective Measurements
A two-way repeated measures ANOVA (treatment × time) was conducted for the feeling of fatigue on the VAS and there were significant predominant effects for treatment (p = 0.006) and time (p < 0.001). There was no significant interaction between treatment and time (p = 0.132). A subsequent Bonferroni-corrected post-hoc t-test demonstrated that the VAS score after the exercise was significantly lower in the AA group than that of the placebo group (58.2 ± 16.5 vs. 62.6 ± 15.7, p = 0.010), see Table 2 . In addition, there were significant predominant effects for treatment (p = 0.046) and time (p < 0.001), and there was no significant interaction between treatment and time (p = 0.132) on the RPE. A post-hoc t-test showed that the RPE improved significantly in the AA group compared to that in the placebo group before the exercise (7.7 ± 1.5 vs. 8.1 ± 1.5, p = 0.040), see Table 3 . A two-way repeated measures ANOVA for the total mood disturbance scores of the POMS-SF revealed no significant predominant effect for treatment or interaction between treatment and time (before the exercise: AA 5.2 ± 12.4 vs. placebo 5.2 ± 13.8; after the exercise: AA 6.7 ± 12.6 vs. placebo 6.1 ± 12.8). 
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Values are mean ± SD (n = 39). AA: amino acid; CI: confidence interval. * p < 0.05 compared to the placebo group. Values are mean ± SD (n = 39). AA: amino acid; CI: confidence interval. * p < 0.05 compared to the placebo group.
Blood Analysis
A two-way repeated measures ANOVA (treatment × time) for plasma glucose, blood lactate, serum free fatty acid, serum total ketone bodies, and serum cortisol revealed that no significant predominant effects for treatment were present. There was a significant interaction between treatment and time on serum total ketone bodies (p = 0.034). While a post-hoc t-test showed no significant difference between the AA group and the placebo group, the AA mixture supplement had a tendency to increase the serum total ketone body levels before exercise compared to the placebo (p = 0.053). In addition, the increase in serum total ketone bodies between before and after the exercise was significantly lower in the AA group than that in the placebo group (p < 0.05), see Table 4 . Plasma AA concentrations are displayed in Table 5 . There were significant interactions between treatment and time on the levels of arginine (p < 0.001), valine (p < 0.001), serine (p = 0.003), citrulline (p = 0.004), ornithine (p < 0.001), and tryptophan/BCAA ratio (p < 0.001). A post-hoc t-test revealed that the intake of the AA mixture significantly increased the levels of arginine, valine, citrulline, and ornithine and decreased the level of tryptophan/BCAA ratio compared to the placebo after the visit, before the exercise, and after the exercise (p < 0.01). The plasma serine concentration before exercise was also significantly higher in the AA group than that in the placebo group (p < 0.01). There was no significant main effect for treatment or interaction between treatment and time on plasma ammonia level. Values are mean ± SD (n = 39). AA: amino acid; CI: confidence interval. * p < 0.05 compared to the placebo group. Values are mean ± SD (n = 39). AA: amino acid; CI: confidence interval. ** p < 0.01, * p < 0.05 compared to the placebo group.
Physical Measurements
A two-way repeated measures ANOVA (treatment × time) was conducted for the physical parameters and there were no significant predominant effects for treatment or interactions between treatment and time, see Table 6 . Values are presented as the mean ± SD (n = 39). AA: amino acid.
Discussion
The present study aimed to investigate the effect of combined arginine, valine, and serine supplementation on fatigue during exercise in healthy volunteers. The VAS and RPE, which were used for evaluating the feeling of fatigue during exercise in the study, have been shown to be valid instruments for the quantitative assessment of fatigue [29, 30] . In the study, there were significant predominant effects for treatment on VAS and RPE. Moreover, the feeling of fatigue on the VAS after the exercise was significantly lower in the AA group than that in the placebo group, which indicated that supplementation with the AA mixture containing arginine, valine, and serine markedly reduced exercise-induced fatigue. The RPE score was significantly lower in the AA group than that in the placebo group before the exercise, which suggested that the AA mixture used in the present study improved the condition of subjects before the exercise. The result may indicate that the AA mixture could reduce the sense of fatigue induced by physical activities in daily life.
Ketone bodies are lipid-derived organic compounds that can serve as a circulating energy source for tissues such as brain or skeletal muscle tissue in the fasting state or during prolonged exercise [31] . Johnson et al., reported that well-trained individuals demonstrated an attenuated rise in plasma ketone body concentrations during and after exercise compared to untrained individuals [32] . Some reports have claimed that ketone bodies enhance exercise performance via modulation of energy metabolism or decreases in central (i.e., neural brain) fatigue [33] [34] [35] . In the study, there was a significant interaction between treatment and time on serum total ketone bodies, and the AA mixture supplement had a tendency to increase the serum total ketone body levels before exercise compared to the placebo, which suggested that the AA supplement might contribute to enhance the production of the ketone bodies. It has been reported that arginine stimulates the secretion of glucagon from pancreatic alpha cells [36] , which is known to promote lipolysis. Therefore, the tendency of the total ketone bodies in the study to increase might have been caused by arginine-stimulated glucagon secretion. On the other hand, the change in total ketone bodies during exercise was significantly lower in the AA group than that in the placebo group. These data indicated that the increased ketone bodies were effectively used during exercise and that the AA mixture supplement might accelerate the utilization of the ketone bodies during the exercise trial. The promotion of the utilization of ketone bodies may be related to the anti-fatigue effect during exercise that was associated with supplementation with the AA mixture in the study.
The AA mixture supplement significantly increased the levels of citrulline, which is produced via the urea cycle [37] after the visit, before the exercise, and after the exercise. Supplementation with citrulline, a potent precursor of arginine, was reported to enhance cycling time trial performance and improve subjective feelings (e.g., of muscle soreness) after performance through its effect on nitric oxide synthesis [38] , which indicated that the increase in citrulline concentrations may be one of the factors related to the attenuation of exercise-induced fatigue by the AA mixture in the study.
Fernstrom et al., showed that exercise-induced increases in neuronal serotonin synthesis and release may contribute to the development of central fatigue [39] . In fact, it was revealed that exercise significantly increased the level of brain tryptophan, the precursor for cerebral serotonin synthesis, and the brain serotonin concentration in a rodent study [16] . It was also reported that the transport of tryptophan across the blood-brain barrier is influenced by the concentration of BCAAs, which are transported via the same carrier system [40] [41] [42] . This indicates that the intake of BCAAs increases their concentration in plasma and decreases the synthesis of serotonin in the brain by competing with tryptophan for the transporter to cross the blood-brain barrier, which means that preventing the increase in the free tryptophan/BCAA ratio might be able to delay central fatigue [16, 17] . In this study, the plasma valine concentration was significantly higher in the AA group while there were no differences in the levels of plasma leucine and isoleucine between the AA group and the placebo group. These data demonstrated that the increase of valine did not affect leucine and isoleucine concentrations. Furthermore, the level of the tryptophan/BCAA ratio significantly decreased in the AA group. The result suggested that the AA mixture supplementation could attenuate tryptophan transport into the brain and the synthesis of serotonin in the brain, which may have caused a decrease in fatigue during exercise in the study. Although citrulline is known to enhance the use of BCAAs [38, 43] , which could induce the depletion of plasma BCAAs and central fatigue via neuronal serotonin synthesis, the AA mixture used in this study could negate the negative effect of the increase of citrulline by increasing the plasma valine concentration.
Ammonia is produced by the catabolism of muscle proteins when energy is depleted during exercise, which is reported to cause the feeling of fatigue through neurotoxic effects [8, 9] . It was also reported that BCAA supplementation elevated ammonia accumulation during exercise [27] . On the other hand, Schaefer et al., revealed that arginine reduced the exercise-induced increase in plasma ammonia via increased ureagenesis [10] and it was reported that ornithine administration could attenuate physical fatigue by increasing the efficiency of energy consumption and promoting the excretion of ammonia [28] . In the study, there was no significant effect on the level of ammonia by the AA mixture supplementation even though the AA mixture contained valine, which might be caused by the significant increases of arginine and ornithine. The ammonia-clearance effects of arginine and ornithine may be superior to the ammonia-accumulation effect of valine in the AA mixture and could contribute to prevent from increasing fatigue.
The level of serine before exercise was also significantly increased and serine concentration was significantly decreased during exercise in the AA group. These data indicated that the use of serine was enhanced in the AA group in the study. It was reported that supplementation with phosphatidylserine, synthesized by serine, attenuated the perception of fatigue during exercise and improved exercise capacity [21, 22] , which suggested that the increase in serine might contribute to the phosphatidylserine production that affected the feeling of fatigue in the study.
There were some limitations in the present study. At first, we did not conduct performance tests such as a time trial test or Wingate test in the study. Further studies should be conducted to clarify whether the anti-fatigue effect of the AA mixture could improve exercise performance. In addition, we did not evaluate the food intake of the subjects during the study except for the dinner they consumed the day before the test day and their breakfast on the test day. Although the subjects claimed to have adhered to the instructions, the lack of information on daily energy intake or macronutrient composition limits the evaluation of whether these factors influenced the effect of the AA mixture supplement. Analyzing the dietary information of the subjects will give more accurate results in future studies. Moreover, the blood parameters evaluated in the study could not directly indicate the promotion of ketone body utilization during exercise or the suppression of the synthesis of serotonin in the brain. Further investigations measuring the effect of the AA mixture supplementation on the enzyme activities related to the ketone body metabolism or the serotonin synthesis in the brain using a rodent study will support the result of this study.
Conclusions
In conclusion, this study demonstrated that supplementation with an AA mixture containing arginine, valine, and serine reduced the feeling of fatigue during exercise, which may be caused by the combined effect of the promotion of ketone body utilization, the suppression of the synthesis of serotonin in the brain, the increase of some amino acids related to fatigue, and the elimination of ammonia.
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